A B S T R A C T Coarctation of the mid-thoracic aorata was surgically produced in mongrel dogs which were sacrificed from 4-12 wk after the operation. As compared to the findings in control animals, the sodium, chloride, and water content of the hypetensive portion of the coarcted thoracic aorta was significantly elevated, whereas the electrolyte and water content of the relatively normotensive portion of the coarcted aorta was normal. The sodium, potassium, and water content of the pulmonary artery, skeletal muscle, and cardiac muscle of the coarcted dog was not altered. These observations suggest that an elevated arterial pressure may influence the electrolyte and water composition of the arteries.
INTRODUCTION
It has been shown by a number of workers that the content of sodium and water is elevated in the arteries of animals with different forms of experimentally induced hypertension (1) (2) (3) (4) (5) . These forms of hypertension include Goldblatt's hypertension (renal), deoxycorticosterone hypertension, and adrenal regeneration hypertension. Tobian and Binion also have reported an abnormally high content of sodium and water in the renal arteries of hypertensive patients (6) . Whether these changes in salt and water represent a cause or an effect of the hypertension has not been established. Since previous studies have suggested that the level of arterial pressure, per se, may influence certain metabolic functions (7-10), we decided to study the metabolism of the arteries in experimentally induced coarctation of the aorta, a condition in which the blood pressure is high above the coarcted site and relatively normal below this site (11) .
The results of the present study suggest that the level of arterial blood pressure may influence the metabolism of salt, water, and acid mucopolysaccharides in the arteries. The studies also indicate that these metabolic changes may occur with-out accompanying changes in the aortic lipid content of the aorta.
METHODS
Procedure. Coarctation of the thoracic aorta was produced in 13 adult mongrel dogs. The dogs were anesthetized with sodium pentobarbital and pulmonary ventilation was maintained with an intratracheal tube and a mechanical insufflator. A surgical incision was made anteriorly and laterally along the fifth left intercostal space. The thoracic aorta was exposed and completely occluded by a Derra clamp at its mid-portion for 15 min. During this time the walls of the occluded aorta were stenosed by sutures for a distance of about 2.5 cm. A supporting band of nylon was drawn around the coarcted portion and sutured without further constriction of the vessel. The stenosis caused approximately a 75-90% decrease in the cross-sectional area of the aorta. After completion of the operation a thrill was palpable in the thoracic aorta distal to the coarctation. Most of the dogs developed transient ischemic paralysis of the hind legs which disappeared in 2-3 days after the coarctation operation.
The blood pressure was determined preoperatively and postoperatively in the forelegs during the waking state by the cuff method of Wilson and Clarke (12) . On the day of sacrifice the carotid and femoral intra-arterial blood pressures were measured simultaneously during anesthesia with strain gauge transducers and recorded on a Sanborn Polyviso, (Sanborn Co., Waltham, Mass.).
In five dogs the thoracic aortic blood pressure was measured immediately before and after coarcting the aorta.
The coarcted dogs and the 13 matched control dogs were maintained on a standard diet of Purina dog chow with daily supplements of ground beef. The dogs were sacrificed with intravenous pentobarbital from 4-12 wk after the surgical coarctation. At 24 hr before sacrifice, MS-labeled sodium sulfate (specific activity 175 mc/ mmole) was injected intravenously in a dose of 14 ttc/kg of body weight. The autopsy findings indicated that none of the dogs had developed complicating atherosclerosis.
The thoracic aorta was dissected and removed immediately after sacrifice. Segments of the descending thoracic aorta proximal to the coarctation and distal to the coarctation were excised and analyzed separately. The same thoracic aortic segments were analyzed in the matched control dogs. The adventitia was stripped from the arterial segments to be analyzed. The fresh specimens were blotted of adhering blood, weighed, and then frozen.
Electrolyte and water measurements. The sodium, potassium, chloride, and water contents of the arterial segments were determined according to the method of Tobian and Fox (13) . The samples of arterial wall were dried in vacuo to a constant weight. After drying they were reweighed to determine the water content and dry weight. The dry arteries were then extracted with known volumes of 0.75 N HNOs. Aliquots of the extract were analyzed for sodium and potassium by flame photometry and for chloride by the micromethod of Lowry, Roberts, Leiner, Wu, and Farr (14) . Samples of pulmonary artery, left ventricular myocardium, and foreleg skeletal muscle were similarly analyzed.
Acid mucopolysaccharide (MPS) measurenments. The acid mucopolysaccharides (MPS) in the arterial wall were determined by a slight modification of the method of Sirek, Schiller and Dorfman (15 4 Johns-Manville, Lampoc, Calif.
The hexosamine and uronic acid contents of the MPS were determined by the method of Boas (17) and Dische (18) , respectively. The sulfate content was determined after hydrolysis of the isolated MPS with 4 N HCO at 1000C for 15 hr, by precipitation with 'Ba-labeled barium chloride standards. The methods used were similar to those used by Miller, Hlad, Levine, Holmes, and Erlick for plasma (19) . After the hydrolysate was evaporated to dryness and dissolved in 1 ml of distilled water, 1 ml of 95% ethanol and 1 ml of a solution of known barium chloride concentration containing 0.18 N HCO was added. The mixture was kept at 50C for at least 18 hr before centrifugation. The concentration of the barium did not exceed the sulfate concentration by more than a factor of 3 to insure that the error of measurement of unprecipitated 1'Ba was kept to a minimum. After refrigeration and centrifugation, the counting rate of 2 ml (or two-thirds) of the supernatant was determined and the amount of sulfate calculated as follows:
Where SO is moles of sulfate in sample, I is initial counting rate of the barium solution used, S is counting rate of two-thirds (or 2 ml) of the supernatant, M is moles of barium standard added to the sulfate sample.
The recovery of sulfate from ammonium sulfate standards containing 2.0-6.2 X 10' mole/liter of sulfate averaged 98.8 + 4%o. The recovery of sulfate in a nonalcoholic solution was variable and did not exceed 50%. Standards of sodium phosphate added to the sulfate standard in amounts three to nine times that of the sulfate did not alter the recovery of the sulfate. The phosphate standards alone were not precipitated by the acidified barium chloride solution.
A separate aliquot of the isolated MPS was assayed for 'SO4 radioactivity after acid hydrolysis and evaporation of the HCl. The residue was dissolved in 1 ml of water and the radioactivity was assayed in a Packard Tri-Carb liquid scintillation spectrometer using a Hyamine-Triton-toluene system.5
All radioactive samples were counted to a statistical accuracy of at least 5% (20) . Variations in counting between duplicate samples were not greater than 4%. Lipid measurements. The arterial tissue was minced and extracted into chloroform methanol, 2: 1 (v/v), according to the method of Folch, Lees, and Stanley (21) . Aliquots of the minced tissue were dried to a constant weight and all the results were expressed in terms of the dry tissue weight. Aliquots of the chloroform-methanol extract were used to determine cholesterol by the method of Schoenheimer and Sperry (22) , triglycerides by the method of Van Handel and Zilversmit (23), phospholipid by the method of Youngberg and Youngberg (24) , and total fatty acids by the method of Albrink (25) . 
RESULTS
A diagram of the surgically coarcted aorta of dog is shown in Fig. 1 . Based on the blood pressure changes after the coarctation, the portion of the descending thoracic aorta proximal to the coarctation was designated the "hypertensive" segment, and the portion of the thoracic aorta distal to the coarctation was designated the "hypotensive" segment or the relatively normotensive segment. The composition and metabolism of these segments were compared with the corresponding aortic segments of the paired control dogs, particularly since the metabolic activity of the aorta at these sites appeared to be different under normal conditions. The data shown in Tables II and IV indicate in the normal dog that the mean content of sodium, potassium, chloride, water, acid mucopolysaccharides, and cholesterol was higher in the upper thoracic aorta than in the lower thoracic aorta.
Arterial blood pressure. Immediately after the surgical narrowing of the thoracic aorta, the thoracic aortic blood pressure proximal to the coarctation rose on the average of 32/14 mm Hg above control values. In the thoracic aorta distal to the coarctation, the blood pressure fell en the average of 19/4 mm Hg and resulted in a marked reduction of the pulse pressure below the coarcted site (Fig. 2) . After the coarctation, the cuff systolic blood pressure in the forelimbs progressively rose and reached a definite hypertensive level in 1 wk after the operation. At this time the cuff systolic blood pressure was 210 + 9 SE as compared to the preoperative value of 147 ± 4 SE. The intra-arterial pressures simultaneously measured in the carotid and femoral arteries of the control and coarcted dogs at the time of sacrifice are shown in Table I .
In comparison with the arterial pressures of the control dogs, the coarcted dogs developed a significant elevation of blood pressure in the carotid artery and presumably in the thoracic aorta proximal to the coarctation. The rises in carotid, systolic diastolic, and mean blood pressures averaged 41, 37, and 38 mm Hg above control levels, respectively. In the femoral artery and presumably in the thoracic aorta distal to the coarctation, the systolic blood pressure fell significantly. The decrease in femoral systolic blood pressure averaged 30 mm Hg below control values, while the diastolic Proxima/ to Coarcted Site blood pressure showed a slight and insignificant rise. As a result of these changes, there was a striking decrease of 38 mm Hg in the femoral arterial pulse pressure (Fig. 3) without a significant change in the mean femoral arterial pressure. Similar decreases in systolic and pulse pressures were assumed to occur in the thoracic aorta distal to the coarcted site and hence this position of the aorta is referred to as the "hypotensive" aortic segment.
Body weight, serum sodium, and potassium. The body weights of the control and coarcted dogs were comparable (Table I respectively, in the control dogs and 147 ± 1.2 and 4.6 + 0.1 SE, respectively, in the coarcted dogs.
Electrolyte and water content of the aorta. The sodium, potassium, chloride, and water contents of the aorta of coarcted dogs and of the corresponding aortic segments of control dogs are compared in Table II . The hypertensive portion of the coarcted aorta contained significantly more sodium and chloride than did the control aorta. The increases in sodium and chloride content averaged 18.2 and 25.0% above control values, respectively.
The water content of the hypertensive segment of the coarcted aorta also increased significantly although the increase was only 4.3% above the control values. The differences in the potassium content of the "hypertensive" and control aortas were slight and insignificant. In contrast with the changes in the hypertensive segment of the co- arcted aorta, the contents of sodium, chloride, potassium, and water in the "hypotensive" segment of the coarcted aorta were not significantly different from those of the normal aorta. Electrolyte and water content of other tissues. The sodium, potassium, and water contents of the pulmonary artery, skeletal muscle and cardiac muscle are compared in normal and coarcted dogs in Table III . The electrolyte and-water contents of these tissues were not significantly different in normal and coarcted dogs.
Acid mucopolysaccharides of the aorta. The MPS contents of the coarcted aorta and the normal aorta are compared in Table II . The total MPS content of the aorta is expressed in terms of its major constituents: hexuronic acid, hexosamine, and sulfate in milligram per gram of dried defatted tissue. As compared with the control values, the hexuronic acid, hexosamine, and sulfate contents of the total MPS in the hypertensive aorta were significantly increased by about 27-35%. The isolated sulfated MPS, as indicated by their sulfate and uronic acid contents, increased by a similar percentage, whereas the hyaluronic acid content, which constituted less than 10% of the total MPS, showed no significant change. Thus the increase of the total MPS content in the hypertensive segment of the coarcted aorta was due to an increase in the sulfated MPS. The MPS in the "hypotensive" aortic segment of the coarcted dogs also changed significantly. The MPS content of hexuronic acid, hexosamine, and sulfate in this portion of the aorta showed decreases of about 22-24% below control values.
A decrease of sulfated MPS appeared to account for the reduction of the total MPS since the isolated sulfated MPS decreased by a similar per cent below control values, whereas the hyaluronic acid content showed no significant change.
The incorporation of 35S04 into aortic MPS at 24 hr after the intravenous administration of the radiosulfate is summarized in Table II . The amount of 35SO4 converted into sulfated NIPS was significantly higher in the hypertensive portion of the coarcted aorta than in the control aorta by about 73%. Since the sulfate content of the MPS increased by about half as much as the radiosulfate incorporation, the calculated specific activity of the sulfated MPS was significantly higher in the "hypertensive" aorta than in the control aorta by about 40%o. In contrast to these findings, the mean incorporation of radiosulfate and tht specific activity of the sulfated MPS were significantly lower in the "hypotensive" portion of the coarcted aorta than in the control aorta by about 42 and 30%, respectively. MPS of other tissues. As shown in Table III , the uronic acid (MPS) contents of the pulmonary artery and cardiac muscle were not significantly different in normal and coarcted dogs.
Lipid content of the aorta. The lipid content of the normal and coarcted aorta are compared in Table IV . The contents of cholesterol, phospholipids, triglycerides, and total fatty acids in the hypertensive and relatively normotensive portions of the coarcted aorta and in the corresponding segments of the control aorta were not significantly different. The plasma cholesterol levels also were not significantly different in the control and coarcted dogs. The mean plasma cholesterol in mg/ 
DISCUSSION
The present findings in experimental coarctation of the aorta indicate that the content of sodium, chloride, and water in the hypertensive segment of the coarcted aorta was increased significantly, whereas the content of salt and water in the relatively normotensive portion of the coarcted aorta was normal. The pulmonary artery and skeletal and heart muscle of the coarcted dog also were found to contain normal amounts of sodium and water. These observations suggest that a high level of arterial pressure may operate to increase the sodium and water content of the aorta. It, therefore, is conceivable that the reported increases in sodium, chloride, and water content of the arteries in certain forms of hypertension may be largely the result and not necessarily the cause of the hypertension. In addition to the height of the arterial pressure, other changes, such as in the metabolism of mineralocorticoids and mucopolysaccharides, may occur in different forms of hypertension and influence the salt and water content of the arteries. These factors may account for the differences in the magnitude of changes in electrolytes and water reported in hypertensive arteries (1) (2) (3) (4) (5) . In the current study, the increases in the sodium content of the hypertensive portion of the coarcted aorta appeared to be comparable to those reported in other forms of experimental hypertension, whereas the increases in the water content were smaller, and those in the chloride content were generally higher than those previously reported. The potassium content, which did not change in the coarcted aorta, has been found to be normal or increased in the arteries of animals with other forms of experimental hypertension.
Although the increment of sodium was greater than that of water in the hypertensive portion of the coarcted aorta, it is unlikely that an increase in the osmolarity occurred in this aortic segment since the sodium and potassium content of the plasma and of the aorta distal to the coarctation did not change. Therefore, it would be reasonable to assume that much of the excess sodium in the hypertensive aorta was bound or stored in a nonionizable form. There is evidence from in vitro studies (26, 27) that both intracellular sodium and extracellular sodium in the normal artery is present in a bound form as well as in an ionizable form. The exact location of aortic sodium was not established in the present study. However, the extra sodium in the hypertensive portion of the coarcted aorta might be present mainly in the extracellular space since the increases in the chloride content were comparable to those in the sodium content. This interpretation requires additional support since the extracellular location of chloride has not been established in the arteries as it has been in the skeletal muscle.
A number of workers (28) (29) (30) have shown that acid mucopolysaccharides, which are extracellular components of the connective tissue and can act Arterial Wall Metabolism in Hypertension as polyanions, are capable of binding or storing appreciable amounts of sodium and other cations in an osmotically inactive form. There also is some evidence (31) that the acid mucopolysaccharide, hyaluronic acid, may influence the water content of the tissue because of its high hydrodynamic specific volume. In view of these observations, it is possible that the increase in the sodium content in the hypertensive portion of the coarcted aorta was not a primary event but resulted mainly from an increase in the sulfated acid mucopolysaccharide content of the aorta. It likewise is possible that the absence of a significant change in the hyaluronic acid content of the coarcted aorta might account for the lack of a striking increase in the water content of the aorta.
In addition to acid mucopolysaccharides, there likely are other factors which operate to control the salt and water composition of the coarcted aorta since the sodium content of the aorta distal to the coarctation did not change with the fall in the acid mucopolysaccharide content in this portion of the aorta. Phospholipids, particularly those that have a net negative charge at physiologic pH levels, have the ability to bind cations (32, 33) . Although phosphatides may influence the cation composition of the arteries, the content of phospholipids in the coarcted aorta below as well as above the coarcted site was not significantly altered. Nucleic acids and nucleotides are other classes of compounds which can act as polyanions (34) and, hence, also may influence the cation composition of the tissues.
The metabolism of arterial acid mucopolysaccharides also may be influenced by arterial pressure since the content of mucopolysaccharides was increased in the hypertensive portion of the aorta above the coarcted site, whereas it was decreased in the aortic segment below the coarcted site where the systolic and pulse pressures were reduced. These changes in the aortic acid mucopolysaccharides appeared to be due mainly to changes in the sulfated acid mucopolysaccharides, which constituted over 90% of the aortic mucopolysaccharides in the normal and coarcted aorta. The studies of Sirek et al. (15) indicate that chondroitin sulfate A and C are the major acid mucopolysaccharide components in the normal canine aorta with hyaluronic acid being present in negligible amounts.
The changes in the acid mucopolysaccharide content of the coarcted aorta were associated with similar changes in the incorporation of radiosulfate into sulfated acid mucopolysaccharides at 24 hr after the intravenous administration of the radiosulfate. These observations suggest that the arterial pressure may influence the mucopolysaccharide content in the aorta by altering the rate of synthesis of the sulfated acid mucopolysaccharides. Studies on the turnover rate of acid mucopolysaccharides in the aorta (35) have shown that the maximal incorporation of radiosulfate into acid mucopolysaccharides occurs in about 24 hr after the administration of the sulfate and is significantly correlated with the turnover rate of the sulfated acid mucopolysaccharides.
